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. ketone-body concentration is 2.5 times as great. The concentration changes that occur in either form of ketosis in the cow are similar to each other and also to the changes seen in food-deprivation ketosis in the rat, i.e. glucose concentration decreases while the concentrations of both free fatty acids and ketone bodies increase. Ketosis in the cow is thus associated, as it is in the rat, with increased mobilization of free fatty acids. During ketosis the fiydroxybutyrate]/[acetoacetate] ratio decreases in the cow, whereas it increases in the rat.
A characteristic feature of ruminants is a high blood concentration of acetate. This concentration drops precipitately when lactating cows are deprived of food for even 24 h. According to Schwalm & Schultz (1976) and Kronfeld eta!. (1968), blood acetate concentration is high in spontaneous ketosis and this could represent a difference from food-deprivation ketosis. This may be due to the cow still eating at the onset of spontaneous ketosis, while the blood insulin concentration may be falling (see below). The uptake of acetate by peripheral tissue seems to depend on insulin concentration (Jarrett et al., 1972) . Table 2 lists the concentrations of some amino acids in the jugular blood plasma of lactating dairy cows in the fed state and during food-deprivation ketosis. In general, in the latter condition the concentrations of the straight-chain glucogenic amino acids decline, whereas those of the branched-chain amino acids increase.
Supply of energy substrates. Considerable success has been achieved in measuring substrate supply and utilization in ruminants in vivo. The two techniques for obtaining data of this kind are (1) the measurement of entry rates, and (2) the measurement of metabolite-production rates across individual organs.
The entry rate of a given compound is the rate at which the compound is entering the systemic blood. Typical values for the entry rates of some important metabolites are given in Table 3 . The method of determining entry-rate values, which involves isotope dilution, fails to measure the entry into the body of substances such as propionate and butyrate, which are absorbed from the gut but are subsequently taken up almost quantitatively by the liver (e.g. Bergman, 1975) .
A metabolite-production rate across an organ is the rate at which the organ takes up or produces the metabolite in question. Metabolite-production rates can be determined in the conscious animal, maintained under normal husbandry conditions, if cannulae through which blood can be drawn have previously been implanted surgically in the blood vessels leading to and from the organ. The rate of blood flow through the organ must be measured, as must the arteriovenous difference in the blood concentration of the given metabolite.
The gut and liver can be taken to be a functional unit supplying the major portion of the energy substrates required by the remaining tissues of the body in the normal fed Table 3 . Rates of appearance of important metabolites in the systemic blood and rumen of ruminants Entry rate and rumen production rate are expressed as mmol/min. Methods of determining these parameters are described by Leng (1970) (see also Bergman, 1975 Brockman & Bergman, 1975) have pioneered the use of the above cannulation technique for measuring metabolite-production rates across the gut and liver of the sheep, and hence for obtaining data on the rate of substrate supply from these organs. Baird et al.
(1 975) have used a similar technique for obtaining such data for the mature dairy cow. The methods of calculating net metabolite-production rates, and metabolite-utilization rates by using radioisotopes, are similar for both species and have been described by Bergman (1975) . Metabolite-production rates observed in a cannulated dairy cow in early lactation both in the fed state and during food deprivation are given in Tables 4 and 5. Food deprivation did not lead to fully developed ketosis in these instances. Nevertheless, the metabolic changes that did occur are probably qualitatively similar to those associated with the onset of true food-deprivation ketosis. Tables 4 and 5 illustrate a number of characteristic features of ruminant metabolism in the splanchnic bed. Firstly, the importance of the volatile fatty acids as energy substrates is emphasized, and it is evident that glucose uptake from the gut is negligible. In the fed state the ruminant gut is also a source of ketone bodies (alimentary ketogenesis). These ketone bodies mainly arise in the rumen wall mucosa from butyrate that is being absorbed from the rumen. Rumen mucosa contains an active butyryl-CoA synthetase (EC 6.2.1.2) and the key enzyme for ketogenesis, hydroxymethylglutaryl-CoA synthase (EC 4.1.3.5) (Ash & Baird, 1973 ; Baird et al., 1970) . There is also a net uptake of lactate from the gut. There is controversy about the origin of this lactate, which could arise from rumen fermentation, from glycolysis in the gut wall, or from propionate metabolism in the rumen mucosa. Metabolism of propionate in the rumen mucosa may be limited by the fact that butyrate can partially inhibit propionate activation by this tissue (Ash & Baird, 1973) . In the fed animal the gut is also the source of substantial quantities of amino acids (Table 5 ).
In the fed animal the liver produces glucose, and the precursors for this glucose are propionate, lactate plus pyruvate, amino acids and glycerol. The importance of propionate for hepatic gluconeogenesis in various herbivores is demonstrated by the fact that there is probably a specific propionyl-CoA synthetase (EC 6.2.1 .-) in the liver of the cow VOl. 5 Table 4 . Portal and hepatic metabolite-production rates in a lactating dairy cow in the fed state and afer food deprivation.
Metabolite production rates are expressed as mmol/min. + and -indicate output and uptake respectively. Hepatic whole-blood flow rates were 29.8 and 14.6 litreslmin in the fed and food-deprived states respectively. Results are from my laboratory. Portal production indicates metabolite production from the gut into the portal vein. Baird, 1973; Groot, 1976) . In Table 4 , propionate would provide maximally 55 % of the hepatic glucose production, and lactate plus pyruvate, 25%. According to Bergman (1977) , propionate, lactate, amino acids and glycerol can contribute maximally about >40, 15, 35 and >lo% respectively to glucose turnover in the sheep. In this latter species, alanine and glutamine accounted for over 40% of total hepatic uptake of amino acids. Alanine itself could account for some 8% of total glucose production. Although a glucose-alanine cycle has been proposed (e.g. Bergman, 1977) , it would therefore seem to be of less importance in the ruminant that the non- During food deprivation, the blood flow rate through the gut and liver falls by 50% or more. Concomitantly, substrate output by the gut virtually ceases and hepatic glucose production falls substantially (Tables 4 and 5) . This latter fall is apparently due to the decline in available glucogenic substrate, mainly propionate. Lactate uptake by the liver is maintained, however, whereas that of glycerol is increased, so that these two compounds could account for 45 and 9 % of glucose production in the food-deprived state in Table 4 . The remainder of the glucose arises from amino acids. More recent work in fact suggests that the hepatic uptake of several of the glucogenic amino acids can still be maintained at nearly normal values in the food-deprived lactating cow, even though the concentrations of the circulating acids can fall by 50-70% (Table 5 and cf. Table 2 ). Hepatic extraction of these acids must thus be increasing. Hepatic amino acid uptake under these circumstances is clearly associated with substantial amino acid mobilization from the muscles mallard et al., 1976). During food deprivation, hepatic production of hydroxybutyrate increases and the liver also begins to produce acetoacetate. Although the substrate for hepatic ketogenesis in the fed state could be either butyrate or free fatty acids, in the food-deprived state there is no doubt that it is free fatty acid, the hepatic uptake of which increases in the sheep and cow (Katz & Bergman, 19696 ; I. M. Reid, C. J. Roberts & R. A. Collins, personal communication) . In fullydeveloped ketosis it is assumed that hepatic ketogenesis greatly exceeds overall ketogenesis in the fed state. In pregnant sheep, ketone-body entry rate has been shown to be substantially higher in toxaemia than in the normal fed state (see Table 3 and Bergman & Kon, 1964) .
Endogenous acetate production and hepatic acetogenesis and ketogenesis. The rate of production of acetate within the rumen frequently only accounts for some 5 0 4 0 % of blood-acetate entry rate (see Table 3 and Annison & Armstrong, 1970). There appear, therefore, to be two sources of blood acetate in ruminants, i.e. the gut (exogenous acetate) and tissue metabolism (endogenous acetate). Various sites have previously been shown to produce acetate, e.g. the lactating mammary gland and the head (Annison & Armstrong, 1970). In these instances, however, there was a net uptake of acetate rather than a net production by the site, and acetate production could only be demonstrated by a decrease in the specific radioactivity of blood acetate during passage across the site in question. More recently, however, the use of cannulated animals has indicated that at least in the lactating ruminant there may be a net production of acetate from the liver (Baird et ai., 1975; Costa et al., 1976) . This topic has been examined most thoroughly by the latter author and his co-workers, who found an hepatic production of some 0.75 mmol/min in ewes in early lactation. Costa et al. (1976) proposed that the acetate was derived from acetyl-CoA formed by oxidation of free fatty acid, and sufficient free fatty acid was in fact taken up by the liver to account for the observed acetate production. The reported activities in sheep liver homogenates of either acetylCoA hydrolase (EC 3.1.2.1) (Knowles etal., 1974) or 'acetylcarnitine hydrolase' (Costa 8c Snoswell, 1975) would be sufficient to account fully for the rate of hepatic acetate production observed in vivo by Costa et ai. (1976) .
If the ruminant liver does in fact produce substantial quantities of acetate under some circumstances, then acetate production would represent one of three possible major fates in the liver for acetyl-CoA derived from fat oxidation, the other two being ketone-body formation and complete oxidation. Acetate might thus be an alternative fuel to ketone bodies. It is the opinion of Snoswell and co-workers that the balance between hepatic production of acetate and ketone bodies may be determined by the availability of carnitine, increased concentrations of this compound leading to decreased ketogenesis and increased acetogenesis (A. M. Snoswell, personal communication). Hepatic acetate production in the lactating ruminant could be of particular vaIue in view of the high demand for acetate by the mammary gland.
VOl. 5
Utilization of ketone bodies. Direct measurement in vivo with catheterized ruminants has shown that skeletal muscle, kidney, lactating mammary gland and gut will all utilize ketone bodies. In sheep skeletal muscle, ketone bodies become the most important energy substrate during food deprivation . The rate of uptake of ketone bodies by sheep kidney nearly doubled (i.e. from 40 to 7Opmol/min) in fooddeprived non-pregnant animals (Kaufman & Bergman, 1971 ). Significant quantities of hydroxybutyrate are taken up for fat synthesis by the lactating mammary gland of the normal cow. According to Kronfeld et al. (1968) uptake ofhydroxybutyrate by the udder increases during the early stages of spontaneous ketosis, but this increase is offset by a net production of acetoacetate. Finally, there is a net uptake of ketone bodies by the gut during food deprivation in the sheep and cow (Katz & Bergman, 19696 ; G. D. Baird, unpublished work; the present Table 4 ). The work of Bergman & Kon (1964) indicated that uptake of ketone bodies by the peripheral tissues of normal or ketotic sheep increases with ketone-body entry rate up to a value of about ISmmol/min. Up to this entry rate, therefore, hyperketonaemia is due to overproduction rather than underutilization of ketone bodies. Lindsay & Setchell(l976) have shown that sheep brain will only utilize glucose, even under hypoglycaemic, hyperketonaemic conditions. This finding is related to the virtual absence of ketone-body-utilizing enzymes in this organ (Williamson et al., 1971 ).
Ketosis and its regulation
Metabolic aetiology and development of spontaneous bovine ketosis. As enumerated above, the clinical signs of spontaneous bovine ketosis are hypoglycaemia, hyperketonaemia and inappetence. There is also a fall in milk yield. The condition is rarely fatal, since there is usually some food intake and the ketosis will remit when milk yield has fallen substantially. The incidence of bovine ketosis can be significantly decreased by correct diet and management (Baird et al., 19746; Schultz, 1974) .
The condition probably arises because gluconeogenesis cannot keep pace with the demand of the lactating udder for glucose. This demand can amount to 85 % of total glucose entry in the normal cow (BickerstaRe et al., 1974) . Presumably as a consequence of the prevailing hormonal status, the maintenance of lactation appears to take precedence over the metabolic demands for other body processes in early lactation (see below). The rate of gluconeogenesis is determined by (1) the rate of precursor supply and (2) metabolic control factors. Precursor supply will in turn be determined by the appetite of the animal and by the rate of mobilization of amino acids from muscle. The activity and regulation of key gluconeogenic enzymes and the metabolic effects of relevant hormones such as glucagon and insulin will represent metabolic control factors. The first result of the failure of gluconeogenesis to keep pace with glucose demand is probably a fall in the blood concentrations of glucose and insulin (Schwalm & Schultz, 1976) . In spite of the different aetiology in the two cases, the subsequent events are probably similar to those which are thought to occur in food-deprivation ketosis. Thus hepatic gluconeogenesis may not fall initially (see Table 3 and Kronfeld, 1971) , but free fatty acid will be mobilized and taken up by the liver in increasing quantities. This of itself will tend to increase hepatic ketogenesis. However, it appears that other concomitant changes within the liver lead to an increase in the proportion of assimilated free fatty acid that is converted into ketone bodies. Thus Katz & Bergman (19696) observed that the proportion of free-fatty acid uptake that could be accounted for by ketone-body production increased from 30 to 80% during the development of ketosis in sheep. A similar intrahepatic change presumably occurs during the development of bovine ketosis as well. In fact, current evidence suggests that this metabolic change is a decrease in the supply of oxaloacetate and its precursors for combination with acetylCoA derived from fat oxidation, so that more acetyl-CoA is diverted to ketone-body formation. Thus Baird & Heitzman (1971) found that spontaneous ketosis is associated with a major decrease in the hepatic concentrations of many intermediates of gluconeogenesis at the level of both the tricarboxylic acid cycle and the Embden- Meyerhof pathway. Similar decreases are also observed in food-deprivation ketosis ( Table 6 ). One might hypothesize that these decreases in intermediate concentration are a consequence of the disparity between the rate of glucogenioprecursor supply and glucose demand, as is the fall in blood glucose concentration. Other metabolic changes taking place within the liver may also play a part in increasing hepatic ketogenesis, however. Thus the liver becomes fatty, with the fat content rising to 11 % of wet wt., whereas the glycogen content falls to less than 1 % of wet wt. (Baird et af., 1968) .
There may also be a decreased export of triacylglycerol (Schultz, 1974) .
As ketosis progresses there will be a decline in hepatic gluconeogenesis and in milk production. Decline in these processes will be accelerated by inappetence. There is some dispute about the activity of key hepatic gluconeogenic enzymes in ketosis and food deprivation. Baird and co-workers (Baird et al., 1968 (Baird et al., , 1972 Baird & Young, 1975 The priority given to milk yield in early lactation is evident from the reaction of the lactating cow to food deprivation. From about 14 to 35 days postpartum the cow will attempt to maintain milk yield and as a result will become ketotic. Later in lactation, milk yield falls rapidly in response to food deprivation, and ketosis is avoided (Baird  et al., 1972) . A similar situation is seen with spontaneous ketosis. Dairy cows are most susceptible between 20 and 35 days post partum, and the condition is not often observed beyond 75 days postpartum (Halse & Mogstad, 1975) .
Regulation of hepatic ketogenesis in the cow. (a) Regulation at the level of the tricarboxylic acid cycle. Experiments on ketosis therapy appear to provide support for the postulate that hepatic ketogenesis in the cow may be regulated by the supply of oxaloacetate and its precursors. The two main therapies for spontaneous bovine ketosis are (1) administration of an appropriate glucocorticoid, such as a dexamethasone ester, and (2) administration of substrate quantities of glucose. Work in recent years has shown that suppression of ketonaemia by both glucocorticoids and glucose is accompanied by increases in the hepatic concentrations of glycogen, and of gluconeogenic intermediates specifically at the level of the tricarboxylic acid cycle (see Table 6 and Baird & Heitrman, 1971; Treacher et al., 1976) . Two factors appear to be responsible for the specific increase at the level of the cycle following glucocorticoid administration. These are (1) an increased supply of glucogenic amino acids to the liver and (2) a decrease in the cytoplasmic activity of phosphoenolpyruvate carboxykinase (EC 4.1.1.32) (Baird & Heitzman, 1971 ; Heitzman etal., 1972) . The decrease in the activity of thisenzyme would have the effect of 'damming up' the passage of carbon skeletons from the cycle into the h a 1 gluconeogenic pathway. Increase in the concentration of cycle intermediates may be associated with an increased utilization of acetyl-CoA within the cycle and hence decreased ketogenesis. Citrate synthase (EC 4.1.3.7) activity is increased after glucocorticoid administration . After glucose administration to ketotic cows, blood ketone-body concentrations fall faster than blood free-fatty acid concentrations. Again there is a specific major increase in the concentrations of some cycle intermediates ( Table 6 and Treacher et al., 1976). It is not yet known whether this increase is accompanied by a decrease in phosphoenolpyruvate carboxykinase activity in this instance. However, exogenous glucose administration decreases hepatic glucose production (e.g . Thompson et al., 1975) , an effect which could well be achieved by partial inhibition of this enzyme. In conclusion, therefore, one feature of the antiketogenic activity of both glucocorticoids and glucose may be a damming-up of glucogenic intermediates within the tricarboxylic acid cycle. Other factors may be involved as well, however. Thus both therapeutic agents cause marked increases in blood glucose and hepatic glycogen content. In the cow there is always a significant negative correlation between liver glycogen content and the degree of ketosis.
Glucocorticoid administration probably has different metabolic consequences in the sheep, since in this species administration of the drug leads to a decrease in the activity of pyruvate carboxylase rather than phosphoenolpyruvate carboxykinase (Filsell et al.,  1969) .
(6) Other possible mechanisms for regulating hepatic ketogenesis. Other factors that might play a part in the regulation of hepatic ketogenesis in ruminants, such as the rate of esterification of free fatty acid, or the role played by the redox state of subcellular compartments, have not yet been satisfactorily investigated. Change in the rate of fatty acid synthesis in unlikely to be of importance, since this pathway is virtually inactive, at least in bovine liver (Ballard et al., 1969) . Since then, carnitine has been implicated in ketogenesis in the rat (McGarry et al., 1975) . However, there is no evidence for a ketogenic role for this compound in ruminants. DL-or L-carnitine had unpredictable effects on blood ketone-body concentrations when infused into normal and ketotic cows (Erfle et al., 1971) . A more recent study suggesting that glucagon administration leads to increased hepatic ketogenesis in the sheep seems rather unconvincing (Brockman, 1976) . Infused glucagon causes a major increase in hepatic gluconeogenesis in sheep, and this effect is achieved at least in part by an increase in pyruvate carboxylase activity (Brockman & Bergman, 1975; Brockman & Manns, 1974 ). An increased supply of oxaloacetate percursors might be expected to be antiketogenic rather than ketogenic. Although further work is clearly necessary, the evidence indicating that ketogenesis may be regulated at the level of the tricarboxylic acid cycle in bovine liver already suggests that there may be a species difference in this respect between the cow and the rat. In the ruminant the cycle will be dependent on either glucogenic precursors or glywgen breakdown for the anaplerotic maintenance of intermediate concentrations, since glucose uptake by the liver does not normally occur. Turnover of the cycle is therefore likely to be a sensitive indicator of hepatic glucogenic capacity. The linking of ketogenic rate to cycle turnover would then represent a convenient mechanism for allowing the liver to respond immediately to any decrease in glucogenic capacity with an increase in ketogenesis, if sufficient ketogenic precursor is available.
